Bmi-1 and SALL4 are putative oncogenes that modulate stem cell pluripotency and play a role in leukemogenesis. Murine Sall4 also has been shown to play an essential role in maintaining the properties of ES cells and governing the fate of the primitive inner cell mass. Here, we demonstrate that transcription from the Bmi-1 promoter is strikingly activated by SALL4 in a dose-dependent manner by using a luciferase reporter gene assay. Both promoter deletion construct studies and ChIP from a myeloid stem cell line, 32D, demonstrate that SALL4 binds to a specific region of the Bmi-1 promoter. Deletion of one copy of Sall4 by gene targeting in mouse bone marrow significantly reduced Bmi-1 expression. Reducing SALL4 expression by siRNA in the HL-60 leukemia cell line also results in significant down-regulation of Bmi-1. Furthermore, Bmi-1 expression is up-regulated in transgenic mice that constitutively overexpress human SALL4, and the levels of Bmi-1 in these mice increase as they progress from normal to preleukemic (myelodysplastic syndrome) and leukemic (acute myeloid leukemia) stages. High levels of H3-K4 trimethylation and H3-K79 dimethylation were observed in the SALL4 binding region of the Bmi-1 promoter. These findings suggest a novel link between SALL4 and Bmi-1 in regulating self-renewal of normal and leukemic stem cells. An increase in histone H3-K4 and H3-K79 methylation within the Bmi-1 promoter provides an epigenetic mechanism for histone modifications in SALL4-mediated Bmi-1 gene deregulation.
T he SALL4 zinc-finger transcription factor, which is a member of the SALL gene family, was originally cloned based on sequence homolog to Drosophila spalt (sal) (1) (2) (3) . In Drosophila, sal is a homeotic gene and essential in the development of posterior head and anterior tail segments (4) . Human SALL4 mutations are associated with the Duane radial ray syndrome (also called Okihiro syndrome), a human autosomal-dominant syndrome involving multiple organ defects (3, 5, 6) . Alternative splicing generates two variant forms of human SALL4 mRNA: SALL4A and SALL4B, each having a different tissue distribution (7) . We demonstrated previously that SALL4 is expressed constitutively in human leukemia cell lines and primary acute myeloid leukemia (AML) cells (7) . Transgenic mice that overexpress SALL4B, one of the SALL4 isoforms, exhibit myelodysplastic syndrome (MDS)-like symptoms and subsequently develop AML that is transplantable (7) . Recently, SALL4 has been shown to play an important role in maintaining ES cell (ESC) pluripotency and self-renewal properties. Our group and others (8, 9) have shown that murine Sall4 plays an essential role in maintaining the properties of ESCs and governing the fate of the primitive inner cell mass by interacting with Oct4 and Nanog. Sall4 ϩ/Ϫ ESCs have significantly reduced levels of pluripotency markers, Oct4 and Nanog, as compared with WT cells. Similar to Oct4, reduction of Sall4 in murine ESCs results in respecification of ESCs to the trophoblast lineage.
Bmi-1 is a member of the polycomb group of proteins initially identified in Drosophila as a repressor of homeotic genes (10) (11) (12) . In humans, the polycomb gene Bmi-1 plays an essential role in regulating adult, self-renewing hematopoietic stem cells (HSCs) and leukemia stem cells (13) (14) (15) (16) (17) (18) (19) . Bmi-1 is expressed highly in purified HSCs, and its expression declines with differentiation (14) . Knockout of the Bmi-1 gene in mice results in a progressive loss of all hematopoietic lineages (17) . This loss results from the inability of the Bmi-1 (Ϫ/Ϫ) stem cells to self-renew. In addition, Bmi-1 (Ϫ/Ϫ) cells display altered expression of the cell cycle inhibitor genes p16INK4a and p19ARF (20) . The expression of Bmi-1 appears to be important in the accumulation of leukemic cells. Interestingly, inhibiting selfrenewal in tumor stem cells after deleting Bmi-1 can prevent leukemic recurrence. Recently, Bmi-1 expression has been used as an important marker for predicting the development of MDS and disease progression to AML (21) .
The identification of downstream targets of SALL4 or factors that regulate Bmi-1 in leukemogenesis is of significant interest. We demonstrate here that Bmi-1 is a direct target gene of SALL4. Induction of SALL4 expression is associated with increased levels of histone H3-K4 and H3-K79 methylation in the Bmi-1 promoter. Our data provide a novel connection between SALL4 and polycomb group proteins in leukemogenesis and a mechanism whereby aberrant expression of SALL4 can alter Bmi-1 expression directly.
Results

Dose-Dependent Activation of the Bmi-1 Promoter by SALL4 Isoforms.
We have previously shown that transgenic mice that constitutively overexpress human SALL4B, one of the SALL4 isoforms, progress from normal through preleukemic stages (MDS) to AML (7) . To search for specific gene targets of SALL4 in leukemogenesis, we performed microarray hybridization (Affymetrix, Santa Clara, CA) (using U133 chips) of SALL4B preleukemic bone marrow mRNA and compared the data with that of control bone marrow. Bmi-1 was identified as one of the genes whose expression was significantly increased (data not shown).
To examine the correlation between Bmi-1 expression and SALL4 expression, we first analyzed the mouse Bmi-1 promoter activity. A Ϸ2.1-kb sequence upstream of the translation start site was subcloned into the 5Ј end of the promoterless pGL3-basic luciferase reporter plasmid. The SALL4 responsiveness of the Bmi-1 promoter then was evaluated through cotransfection of 0.25 g of the Bmi-1 promoter construct and 0.04 g of Renilla luciferase plasmid together with increasing ratios of the SALL4A or SALL4B expression constructs relative to the Bmi-1 promoter construct (0-2 ratios). As one increased the molar excess of the SALL4A or SALL4B construct, the Bmi-1 promoter was activated in a dose-dependent manner (Fig. 1) .
Mapping of the SALL4 Functional Site Within the Bmi-1 Promoter
Region by a Luciferase Reporter Gene Assay. To define the minimal promoter sequence required to activate Bmi-1 by SALL4, transient cotransfection of SALL4 was performed with a series of deleted DNA fragments encompassing the Bmi-1 promoter fused to the luciferase reporter gene. The series of deleted promoter fragments used in the transfection is depicted in Fig.  2 A. Each promoter reporter construct of Bmi-1 was transiently cotransfected with the SALL4 isoforms into HEK-293 cells. High levels of activation by both SALL4 isoforms were seen with constructs containing promoter sequences from 0 to Ϫ2102, 0 to Ϫ1254, 0 to Ϫ683, and 0 to Ϫ270. Removal of the upstream region between Ϫ270 and Ϫ168 leads to the inability of SALL4 isoforms to activate the Bmi-1 promoter, indicating the presence of a strong SALL4 activation site in this region. The SALL4 binding region (Ϫ270 to Ϫ168) then was deleted from the 0 to Ϫ1254 and 0 to Ϫ683 promoter fragments, and two new Bmi-1 promoter constructs were created. The luciferase activity of the resulting constructs (P1254 and ⌬ P683) was compared with activity in the WT promoter constructs with or without cotransfection of SALL4A or SALL4B in HEK-293 cells. There was no significant difference in luciferase activity between the Bmi-1 promoter mutants P1254 and ⌬ P683 and the WT promoter constructs in HEK-293 cells in the absence of SALL4. However, deletion of the Ϫ270 to Ϫ168 region abolished the activation of Bmi-1 by SALL4 when compared with that of the WT promoter constructs (Fig. 2B) . These results indicate that the Ϫ270 to Ϫ168 region contains a functional site within the Bmi-1 promoter that is activated by the SALL4 oncogene.
Binding of SALL4 Proteins to the Bmi-1 Promoter in Vivo. The myeloid stem cell line 32D expresses Bmi-1 but has very low levels of endogenous SALL4 (data not shown). Binding of SALL4 proteins to the Bmi-1 promoter in 32D cells was analyzed by using ChiP assays. 32D cells were transfected with SALL4A, and SALL4B cDNA constructs were tagged with HA. Chromatin was then extracted, sonicated, and immunoprecipitated by using rabbit polyclonal antibodies against HA. The forward and reverse primer sets (7 ϩ 8 and 9 ϩ 10) amplified strong 225-bp amplicons from the input sample (Fig. 3B , input lane) and immunoprecipiates ( Fig. 3B , ϩ lane). Immunoprecipitation reactions using preimmune serum show very little amplification of the Bmi-1 promoter in the immunoprecipitated DNA (Fig. 3B , Ϫ lane). All ChIP samples were tested for false-positive PCR amplification by sequencing amplicon DNAs to ascertain the specificity of the SALL4 that bound to the cis-regulatory elements. The intensity of each PCR amplicon was also normalized against the ChIP input band to show the relative abundance of SALL4A that bound to the Bmi-1 promoter (Fig. 3C ) by quantitative real-time PCR (QRT-PCR). The observed binding was specific, as essentially no signal was observed in parallel ChIP experiments using cells transfected by an empty vector (pcDNA3). This study indicated that a region between Ϫ450 to Ϫ1 of the Bmi-1 promoter could be a binding site for SALL4A, consistent with the previous luciferase promoter deletion experiments. As expected, SALL4B also demonstrated a similar binding distribution on the Bmi-1 promoter. These studies indicate that the Ϫ450 to Ϫ1 region of the Bmi-1 promoter has a functional site for activation by both SALL4 isoforms (Fig. 3C ). We also demonstrated that SALL4 was able to bind the cisregulatory elements of Bmi-1 in ESCs, HEK 293 cells, an acute leukemic cell line (NB4), and two AML human samples including M0 (French-American-British classification) and AML transformed from chronic myeloid leukemia by using ChIP-onChIP assays (data not shown).
SALL4 Is Able to Affect the Levels of Endogenous Bmi-1 Expression.
To verify regulation of Bmi-1 by SALL4, we attenuated SALL4 expression in a leukemic cell line, HL60, by using siRNA- mediated knockdown. Three siRNA retroviral constructs that target different regions of the SALL4 mRNA were made, and their ability to knock down SALL4 mRNA in HL60 cells was confirmed by QRT-PCR. Cells from the HL-60 leukemia cell line were infected with the virus collected after 48 h of transduction. Stable infected cells were identified under G418 selection. In all three SALL4 siRNA constructs, down-regulation of SALL4 significantly reduced Bmi-1 levels (Fig. 4A) . SALL4 mRNA levels were knocked down by Ͼ90%, and Bmi-1 expression was reduced by 75-85%.
To gain further supporting evidence of Bmi-1 regulation by SALL4, we analyzed Sall4 ϩ/Ϫ mice (8) . Homozygous Sall4 mutant embryos die at very early gestation. Approximately 50% of heterozygous Sall4 knockout mice (Sall4 ϩ/Ϫ ) survive despite the defect at the ESC level (data not shown). Bone marrow cells from mutant Sall4 ϩ/Ϫ and WT Sall4 ϩ/ϩ mice were isolated. QRT-PCR was performed to compare expression levels of Sall4 and Bmi-1. The heterozygous Sall4 ϩ/Ϫ bone marrow cells had reduced SALL4 expression as expected. In addition, these heterozygous cells had significantly reduced expression levels of Bmi-1 as compared with normal mouse bone marrow cells (Fig. 4B ).
Increased Expression of Bmi-1 in SALL4B Transgenic Mice Associated with Disease Progression. Previously, we demonstrated that transgenic mice that overexpress one of the SALL4 isoforms, SALL4B, exhibited MDS-like features and, subsequently, also exhibited AML transformation (7) . Here, we report the effect of SALL4B overexpression on Bmi-1 gene expression in SALL4B transgenic mice. We found that, in contrast to WT control mice, the mRNA expression for Bmi-1 was up-regulated significantly in preleukemic bone marrows and leukemic blasts from SALL4B transgenic mice (Fig. 4C ). Events associated with the progression of MDS and MDS transformation in SALL4B transgenic mice were associated with the up-regulation of Bmi-1. HSCs and granulocyte macrophage progenitor cells (GMPs) were isolated from three leukemic SALL4 transgenic mice and three nonleu- kemic SALL4 transgenic mice. We observed that both leukemic HSCs and GMPs had much higher levels of Bmi-1 expression than observed in normal HSCs and GMPs by QRT-PCR. These values range from a 2-to a 20-fold increase. Variable SALL4B expression levels were observed in different founder mice but in each case the expression levels of Bmi-1 were correlated with the SALL4B expression levels in the HSC and GMP populations (data not shown). In addition, SALL4 expression levels consistently increased as leukemia progresses because of expansion of HSCs and hematopoietic progenitor cells (data not shown).
Expression of High Levels of SALL4 Expression in Human AML Is
Associated with the Expression of High Levels of Bmi-1. Previously, we had shown that SALL4 was widely expressed in human leukemia cell lines and primary AML cells (7), which led us to investigate the correlation of SALL4 expression with the expression of Bmi-1. We analyzed 12 random clinical AML samples from bone marrows using QRT-PCR to quantify relative mRNA expression of SALL4 and Bmi-1 (Fig. 5) . Ten of 12 AML samples showed significant SALL4 expression ranging from a 3.93-to 653-fold increase relative to the averaged normal controls. These results were consistent with SALL4 protein expression as demonstrated by immunostaining with a SALL4 antibody (22) . Interestingly, the same 10 of 12 AML samples showed high levels of Bmi-1 expression ranging from a 1.10-to 22-fold increase. There was a strong correlation between the SALL4 and Bmi-1 expression in the AML samples that were examined.
Epigenetic Alterations at Bmi-1 Gene Promoter Induced by SALL4
Protein. As shown above, SALL4 binds to the Bmi-1 promoter and the regulation of Bmi-1 by SALL4 has been noted in both in vitro and in vivo models of SALL4. We further explored a mechanism to explain this up-regulation by SALL4. H3-K4 trimethylation and H3-K79 methylation have been reported to couple directly to the transcriptional activation (22) (23) (24) (25) (26) . Abnormal H3-K4 trimethylation and H3-K79 are also associated with leukemogenesis (27) . We performed dimethylation ChIP on the 32D cells, which express no detectable endogenous SALL4 (data not shown), to analyze histone marks present on chromatin before SALL4 binds to the Bmi-1 promoter. We then performed ChIP on 32D cells that had been transfected with SALL4A constructs tagged with HA, or a control vector, and then immunoprecipitated through ChIP using antibodies specific for histone H3-K4 trimethylation and H3-K79 dimethylation. DNAs recovered from these ChIP experiments were amplified by QRT-PCR using primers that covered 1.5 kb of the Bmi-1 promoter. Consistent with binding of SALL4 to Bmi-1 promoter sites in the 32D cells transfected with SALL4A or SALL4B constructs, H3-K4 trimethylation was detected and increased Ϸ2-to 3-fold as compared with a vector control (Fig. 6 ). Similar analysis with H3-K79 methylation revealed robust methylation at SALL4 binding sites and closely paralleled the pattern of H3-K4 trimethylation in the presence of SALL4.
Discussion
The polycomb gene family is essential for the self-renewal of both hematopoietic and neuronal stem cells, as well as cancer stem cells, particularly the protein encoded by the polycomb gene Bmi-1. The ␤-catenin-signaling pathway proteins constitute another family of proteins related to self-renewal that has been extensively studied. However, there is little known about the transcriptional regulation of the polycomb genes. We have show here that the stem cell gene transcription factor SALL4 directly regulates Bmi-1. This conclusion is supported by several lines of evidence: (i) Transcription from the Bmi-1 promoter is strikingly activated by SALL4, and the SALL4 responsiveness of the Bmi-1 promoter exhibits dose-dependent activation in a luciferase reporter gene assay. SALL4 up-regulates Bmi-1 expression in transgenic mice that constitutively overexpress SALL4, and the up-regulated levels of Bmi-1 in SALL4 transgenic mice correlates to disease progression from normal to preleukemic and leukemic stages. (v) Consistent with the role of Bmi-1 in leukemogenesis, endogenous SALL4 expression correlates with Bmi-1 expression in human AML cells. These studies, when taken together, indicate that SALL4 positively regulates Bmi-1 expression by binding to the Bmi-1 promoter. It is, however, unclear at this time whether SALL4 binds directly to promoter DNA sequences or mediates its effects via intermediate protein interactions. Previously, we have demonstrated that both isoforms of SALL4 were able to bind to ␤-catenin and synergistically enhance the Wnt/␤-catenin-signaling pathway (7). Now, we have shown that SALL4 positively regulates Bmi-1 expression by binding to the Bmi-1 locus. Bmi-1 is expressed highly in purified HSCs, and Bmi-1 expression declines with differentiation (14) . Knockout of the polycomb gene Bmi-1 in mice results in a progressive loss of all hematopoietic lineages (17) . This loss results from the inability of Bmi-1 (Ϫ/Ϫ) stem cells to self-renew. Thus, expression of Bmi-1 appears to be important in the accumulation of leukemic cells. Recently, Bmi-1 expression has been used as an important marker for predicting MDS disease progression to AML (21) . Similar to Bmi-1, SALL4B is expressed highly in HSCs and is down-regulated as differentiation proceeds (data not shown). As a result of the constitutive expression of SALL4B in mice, we have demonstrated that SALL4B transgenic mice reveal distinct developmental abnormalities in the stem compartment with selective expansion of the hematopoietic progenitor cell (HPC) population (L.C. and Y.M., unpublished data). The expansion of HPCs is accompanied by MDS and progression of MDS to AML in SALL4 transgenic mice and is associated with up-regulation of Bmi-1 expression. In addition, our studies have shown that SALL4B is able to transactivate Bmi-1 promoter by binding, further indicating that Bmi-1 is a downstream target of SALL4B that mediates leukemic stem cell self-renewal.
Epigenetic modifications play an important role in human cancer, including leukemia. Histone methylation is one of such modifications contributing to deregulation of cancer-relevant genes. Histone lysines can be monomethylated, dimethylated, and trimethylated by a group of enzymes called histone methyltransferases. It has been shown recently that methylation of histone H3-K4 and H3-K79 residues are associated with gene activation and involved in leukemogenesis (27) . Here, we demonstrate, using ChiP experiments, that H3-K4 and H3-K79 sites on histones associated with the SALL4 binding region of the Bmi-1 promoter are hypermethylated in the presence of SALL4. There also appears to be a correlation between the induction of Bmi-1 expression and the levels of histone H3-K4 methylation. This result provides at least one possible mechanism whereby SALL4 mediates the overexpression of Bmi-1.
Although it is not known exactly how the associated aberrant epigenetic modifications of Bmi-1 occur in the presence of SALL4, it is possible that the binding of SALL4 to the Bmi-1 promoter interferes with the recruitment of the repression machinery. Alternatively, SALL4 may be, or become, associated with a methyltransferase and that this enzyme is recruited to this target gene through the binding of SALL4 to the Bmi-1 promoter. Further studies are needed to explore the mechanistic possibilities. It is interesting to note, however, that SALL1, another member of the SALL gene family, has recently been shown to interact with chromatin remodeling complexes and recruit histone deacetylase involving gene regulation (28) .
In summary, we have demonstrated that the oncogene Bmi-1 is a direct target gene of SALL4. We also have shown that SALL4 expression strongly correlates with Bmi-1 in primary AML. These data provide a novel link between SALL4 and polycomb group proteins and suggest a role for a SALL4/Bmi-1 network in leukemogenesis. Furthermore, we provide in vivo evidence for a mechanism whereby the aberrant expression of SALL4 can alter Bmi-1 gene expression via epigenetic modulation.
Materials and Methods
Cell Culture and Transfection. All cell cultures were maintained at 37°C with 5% CO 2 . HEK-293 (ATCC CRL-11268) cells were cultured in DMEM supplemented with 10% heat-inactivated FBS and penicillin/streptomycin (P/S). The HL60 cell line was cultured in RPMI medium 1640 supplemented with 10% FBS and P/S. A murine hemopoietic multipotential cell line, 32D (ATCC CRL-1821), was maintained in RPMI 1640 supplemented with 10% FBS, P/S, and mouse leukemia inhibitory factor (1 ϫ 10 3 units/ml, Chemicon, Pittsburgh, PA). Transfection of plasmids into HEK-293, mouse 32D cells, and HL60 cells was performed by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's recommendations.
Bmi-1 Promoter Constructs and Site-Directed Mutagenesis. The 5Ј flanking region of Bmi-1 was amplified with primers (5Ј primer: 5Ј-CAT CCT CGA GGG CTG TTG ACA TCT GCA GAG ACT G-3Ј; 3Ј primer: TCG TAG ATC TCA TTT CTG CTT GAT AAA AGA TCC TGG-3Ј) to generate a fragment from nucleotide Ϫ1 to nucleotide 2102 upstream of the starting codon ATG with XhoI and BglII sites at each end, respectively. Mouse genomic DNA isolated from ESCs was used as a template. The amplified PCR fragment was cloned into the promoterless pGL3-basic luciferase reporter plasmid (Promega, Madison, WI) to generate plasmid Bmi-1 (P2102) (i.e., nucleotides Ϫ1 to Ϫ2102; see Fig. 1 ). Promoter fusion reporter fragments from nucleotides Ϫ1 to Ϫ1254, Ϫ683, Ϫ270, and Ϫ168 (P1254, P683, P270, and P168) were created in the same manner as Bmi-1. The deletion mutant of the Bmi-1-Luc promoter constructs ⌬ P683 and ⌬ P1254, which lack the Ϫ168-270 sequence, was generated by using a QuikChange II mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer's protocol.
siRNA Constructs. For down-regulation of SALL4, three different sets of 60-bp oligonucleotides targeting different regions of the human SALL4 sequence were synthesized. These fragments were cloned into the HindIII and BglII sites of pSuper-retropuro (OligoEngine, Seattle, WA) to generate pSuper-retro/ SALL4 siRNA constructs, designated: 890 (5Ј-gatcccccaacatcccttctgccaccttcaagagaggtggcagaagggatgttgtttttc-3Ј), 1682 (5Ј-gatcccccaccactgatcccaacgaattcaagagattcgttgggatcagtggtgtttttc-3Ј), and 1705 (5Ј-gatcccctcatttgccaccgagtcttttcaagagaaagactcggtggcaaatgatttttc-3Ј).
Generation of Retrovirus. The Phoenix packaging cells (ATCC SD-3443) were grown in DMEM with 10% FBS in 5% CO 2 at 37°C. Recombinant retroviruses were produced by using the Phoenix packaging cell line that was transfected with the pSuper construct containing the control RNAi sequence or sequence directed against SALL4. The viral supernatant was collected 48 h after transfection and filtered through a 0.45-m filter.
Bmi-1 Promoter Assays. Bmi-1 promoter luciferase assays were performed with the Dual-Luciferase Reporter Assay System (Promega). Twenty-four hours after transfection, HEK-293 cells were extracted with the use of a passive lysis buffer; a 20-l aliquot was used for luminescence measurements with a luminometer. The data are represented as the ratio of firefly to Renilla luciferase activity. These experiments were performed in duplicate.
ChIP Assay. HEK-293 32D cells (1 ϫ 10 6 cells per well in 6-well plates), with or without transient transfection, were processed
